We present the analysis of simultaneous X-ray (RXTE) and radio (VLA) observations of two atoll-type neutron star X-ray binaries: 4U 1820-30 and Ser X-1. Both sources were steadily in the soft (banana) X-ray state during the observations. We have detected the radio counterpart of 4U 1820-30 at 4.86 GHz and 8.46 GHz at a flux density of ∼ 0.1 mJy. This radio source is positionally coincident with the radio pulsar PSR 1820-30A. However, the pulsar's radio emission falls rapidly with frequency (∝ ν −3 ) and we argue that the X-ray binary's radio emission is dominant above ∼ 2 GHz. Supporting this interpretation, comparison with previous observations reveals variability at the higher radio frequencies that is likely to be due to the X-ray binary. We have detected for the first time the radio counterpart of Ser X-1 at 8.46 GHz, also at a flux density of ∼ 0.1 mJy. The position of the radio counterpart has allowed us to unambiguously identify its optical counterpart. We briefly discuss similarities and differences between the disc-jet coupling in neutron star and black hole X-ray binaries. In particular, we draw attention to the fact that, contrary to other states, neutron star X-ray binaries seem to be more radio loud than persistent black hole candidates when the emission is 'quenched' in the soft state.
for details). Atoll-type X-ray binaries in the hard state share many X-ray timing and spectral properties with BHCs in the low/hard state (e.g. van der Klis 1994). However, our understanding of the relation between radio activity and Xray state in these NS sources remains sketchy. This is mainly due to the fact that their radio luminosites are significantly less than in BHs (Fender & Hendry 2000) , resulting in a rather small number of atoll sources with identified radio counterparts (Hjellming & Han 1995; Berendsen et al. 2000) . Recently, Migliari et al. (2003) found the first evidence for a disc-jet coupling in an atoll source, analysing simultaneous X-ray and radio observations of the NS X-ray binary 4U 1728-34, when the source was in the hard (i.e. mainly island) state. We found positive ranking correlations between the radio flux density and X-ray flux and between the radio flux density and X-ray timing features. We also confirmed quantitatively that in the hard state black hole binaries are ∼ 30 times more 'radio loud' than atoll-type NSs at a similar Eddington fraction (see also Fender & Kuulkers 2001) .
In this paper we analyse simultaneous X-ray and radio observations of two atoll-type NS sources in the X-ray soft (i.e. middle-upper banana) state: 4U 1820-30 and Ser X-1 (4U 1837+04).
4U 1820-30
4U 1820-30 is a low-mass X-ray binary located in the globular cluster NGC 6624 (Giacconi et al. 1974) . A distance of 7.6 ± 0.4 kpc (Heasley et al. 2000) has been derived from optical observations. Grindlay et al. (1976) discovered thermonuclear X-ray bursts in the source, indicating a neutron star as compact object. From X-ray burst properties a distance of ∼ 6.6 kpc can be derived (Vacca, Lewin & van Paradijs 1986 ; see Kuulkers et al. 2003) . Smale, Zhang & White (1997) reported the discovery of kHz QPOs in 4U 1820-30. A correlation between the frequency of the kHz QPOs and the position in the CD was found by Bloser et al. (2000) . In particular, in 4U 1820-30 the kHz QPOs seem to be present while the source is in the lower banana state and absent when in the upper banana. The broadband 2-50 keV spectrum of the source is well fit with a typical model for atoll source in the soft state: a blackbody (or a multitemperature disc blackbody) plus a cutoff power law or with a Comptonisation model (e.g. CompTT: Titarchuck 1994) plus a blackbody component (e.g. Bloser et al. 2000) . The radio source at the position of 4U 1820-30 was detected from observations with the Very Large Array (VLA) at 1.4 GHz by Geldzahler (1983) with a flux density of 2.44 ± 0.37 mJy and then by Grindlay & Seaquist (1986) at the same frequency with a flux density of 0.49 ± 0.12 mJy. The identification of this radio source as the radio counterpart of the X-ray binary is controversial. Johnston & Kulkarni (1992) first identified the radio source they found at 1.4 GHz at the position of the X-ray binary as the radio counterpart of 4U 1820-30. Later, based on the steepness of the spectrum of the radio source (a non-detection at 8.5 GHz with rms∼ 20 µJy; see also Biggs et al. 1994 ), they (Johnston & Kulkarni 1993 ) identified the radio source as a pulsar. The radio position of this pulsar, PSR 1820-30A (Biggs et al. 1990; Biggs et al. 1994; Stappers 1997 ) is coincident with the optical counterpart of the X-ray binary (Sosin & King 1995) , and with the most recent VLA detection at 1.5 GHz and 5 GHz (Fruchter & Goss 2000) . These two sources are spatially unresolved. This makes the identification of the real origin of the observed radio emission difficult.
Ser X-1
Ser X-1 was discovered in X-rays in 1965 (Friedmann, Byram & Chubb 1967) . The source shows thermonuclear X-ray bursts, reported for the first time by Swank et al. (1976) . Ser X-1 is one of the three NS binary systems in which simultaneous X-ray and optical bursts have been observed (Hackwell et al. 1979) . Christian & Swank (1997) derived a distance of ∼ 8.4 kpc from burst properties. The X-ray energy spectrum of the source is reasonably well fit with the same model used for 4U 1820-30: a soft component, blackbody or multicolor disc blackbody, and a Comptonised component (e.g. Oosterbroek et al. 2001 ). The optical counterpart was first identified as a blue star by Davidsen (1975) . Subsequently, it turned out that the optical counterpart was in fact two unresolved stars (Thorstensen, Charles & Bowyer 1980) . The two Davidsen stars are called DN (north) and DS (south), and DS (now called MM Ser) is the proposed optical counterpart (Thorstensen et al. 1980) . Wachter (1997) found that DS is itself the superposition of two previously unresolved stars, DSw (west) and DSe (east), separated by 1 ′′ . The brightest of the two stars (DSe) was suggested to be the real counterpart of Ser X-1 by Wachter (1997) . Hynes et al. (2003) deblended the spectra of the DSe and DSw and found further spectral confirmation of Wachter (1997) suggestion. At radio wavelengths Grindlay & Seaquist (1986) reported upper limits of < 0.4 mJy at 5 GHz.
OBSERVATIONS AND DATA ANALYSIS
We have analysed simultaneous radio and X-ray observations of 4U 1820-30 and Ser X-1 performed with the VLA and with the Rossi X-ray Timing Explorer (RXTE). The dates of the observations are shown in Table 1 
+05
• 02 ′ 09 ′′ .50 ±0 ′′ .14. The naturally-weighted synthesized beam width for the combined data of 4U 1820-30 is of 3.49 × 1.46 arcsec in position angle −1.2
• at 5 GHz and of 1.96 × 0.80 arcsec in position angle −2.2
• at 8 GHz, and for Ser X-1 is of 1.51 × 0.79 arcsec in position angle +66.2
• at 5 GHz and of 0.77 × 0.46 arcsec in position angle +67.1
• at 8.3 GHz. There is no evidence for any spatial extension to the radio counterparts of either source. Neither 4U 1820-30 nor Ser X-1 shows significant radio variability over the time of monitoring.
RXTE
For the RXTE observations we have used data from the Proportional Counter Array (PCA; for spectral and timing analysis) and the High Energy X-ray Timing Experiment (HEXTE; only for spectral analysis). We have used the PCA Standard2 data of the proportional counter unit 2 (PCU2; on in all the observations) to produce the CD of all the RXTE observations of 4U 1820-30 and Ser X-1 available in the public archive. A soft colour and a hard colour are defined as the count rate ratio (3.5-6) keV/(2-3.5) keV and (9.7-16) keV/(6-9.7) keV, respectively. We have normalised the colours of 4U 1820-30 and Ser X-1 to the colours of the Crab calculated with the closest observation available to each observation analysed. Assuming the steadiness of the Crab energy spectrum, this normalisation allows us to compare observations in different epochs minimising shifts in the CD of instrumental origin. In Fig. 1 we show the mean colours (black dots) of each of the public RXTE observations of 4U 1820-30 (top panel) and Ser X-1 (bottom panel). The observations marked with open circles are simultaneous with radio (VLA) observations. We have analysed in detail (X-ray spectral and timing analysis) only these simultaneous radio/X-ray observations. The open squares mark the observations in which X-ray bursts are observed in the PCA light curve. In the CD of 4U 1820-30 (Fig. 1, top ) the open triangle shows the observation in which the so-called 'superburst' was discovered (Strohmayer & Brown 2000) .
Spectral analysis
For the spectral analysis we have used PCA Standard2 and HEXTE Standard Mode data. For PCA data reduction we have subtracted the background estimated using pcabckest v3.0, produced the detector response matrix with pcarsp v8.0, and analysed the energy spectrum in the range 3-20 keV. For HEXTE data we extracted energy spectra (channels 15-61) from cluster A, subtracted the background, corrected for deadtime using the standard FTOOLS V5.2 procedures and analysed the spectra between 20 and 50 keV.
A conservative systematic error of 0.75% was added to the PCA data to account for uncertainties in the calibration.
In the case of 4U 1820-30, all the 3-50 keV energy spectra obtained simultaneously with radio observations are well fit with a CompTT model (Titarchuk 1994 ) corrected for photoelectric absorption (without any need for an extra blackbody components; see Bloser et al. 2000) ; in the worst case we obtain χ 2 re = 1.1 with 49
. The equivalent hydrogen column density NH is fixed to 3 × 10 21 cm −2 (e.g. Bloser et al. 2000) . Using this model we obtain (Wien) temperatures kT0 of the seed photons around 0.6 keV and temperatures of the plasma of about 2.5-3 keV, with a plasma optical depth τ ∼ 7.
For Ser X-1, using the same model that successfully fit the spectra of 4U 1820-30, i.e. CompTT corrected for photoelectric absorption (NH was fixed to 5×10 21 cm −2 ; e.g. Oosterbroek et al. 2001), we cannot obtain a χ 2 re less than 1.8 (50 d.o.f.). The energy spectrum shows an excess between 6-7 keV. Therefore we added a Gaussian emission line around 6.5 keV to the model obtaining a better fit with χ 2 re = 0.8 (47 d.o.f ). The CompTT model fit gives parameters values similar to those found for 4U 1820-30 (i.e. kT0 ∼ 0.7 keV, temperatures of the plasma of about 2.6 keV and τ ∼ 6). In Table 1 we show the unabsorbed 2-10 keV fluxes of Ser X-1 and of 4U 1820-30 using the CompTT model (plus a Gaussian emission line in the case of Ser X-1).
Timing analysis
For the production of the power spectra we have used event data with a time resolution of 125 µs. We rebinned the data in time to obtain a Nyquist frequency of 4096 Hz. For each observation we created power spectra from segments of 128s length, using Fast Fourier Transform techniques (van der Klis 1989 and references therein); we removed detector dropouts from the data, but no background subtraction was performed. No deadtime corrections were done before creating the power spectra. We averaged the power spectra and subtracted the Poisson noise spectrum applying the method of Zhang et al. (1995) , shifted in power to match the spectrum between 3000 and 4000 Hz (see Klein-Wolt, Homan & van der Klis in prep.). The Leahy normalisation was applied (Leahy et al. 1983 ) and then we converted the power spectra to squared fractional rms. We have fitted the power spectra with a multi-Lorentzian model (e.g. Belloni, Psaltis & van der Klis 2002 and references therein), and plotted in the νPν representation (with Pν the normalized power and ν the frequency). We need two to four Lorentzians to fit the seven power spectra of 4U 1820-30: a broad Lorentzian to fit the very low frequency noise (VLFN), one or two Lorentzians around 10-20 Hz to fit the break of the peaked noise component (L b ; see van Straaten, van der Klis & Méndez 2003 for details on terminology) and a higher frequency feature (L h ). In one observation (MJD 52482, see Fig. 2 ) we also need one narrow Lorentzian to fit a QPO around 100 Hz (L hHz ). We have fit the two power spectra of Ser X-1 with four Lorentzians: a broad Lorentzian for the VLFN, one at 15 Hz, one around 30 Hz and, only in one of the two observations (see Fig. 2 
RESULTS AND DISCUSSION

4U 1820-30
The CD of 4U 1820-30 (Fig. 1, top) shows that the simultaneous radio/X-ray observations are in the middle-upper banana. This is consistent with the power spectra characteristics: the presence of a VLFN (the integrated fractional rms of the fitting Lorentzian is ∼ 3%) is typical of atoll sources in a soft X-ray state (i.e. middle-upper banana: see e.g. Table 2 and § 3.1). Sizes of crosses indicate 1σ errors on the position. detected at 8.46 GHz with a flux density of 0.10 ± 0.02 mJy and marginally detected (∼ 3σ) at 4.86 GHz with a flux density of 0.13 ± 0.04 in the combined data (see Table 1 ). The mean (dual-frequency) radio spectrum has a spectral index α = −0.48 ± 0.62 (where Sν ∝ ν α and Sν is the radio flux density at a frequency ν) consistent with either an optically thin or an optically thick spectrum. Biggs et al. (1994) reported radio detections (at 0.4 GHz, 0.6 GHz, 1.4 GHz and 1.7 GHz) of a pulsar, PSR 1820-30A. The position of this pulsar (see Stappers 1997 for a more accurate timing position) is coincident within 2σ with the optical position of the X-ray binary 4U 1820-30 (Sosin & King 1995) , and with the position of our radio detection (see Table 2 and Fig. 3) . From the positions listed in Table 2 and using a distance to the sources of ∼ 7 kpc, we infer a lower limit on the physical separation between PSR 1820-30A and 4U 1820-30 of the order of few 10 16 cm. In Fig. 3 we directly compare the positions of the sources plotting the positions listed in Table 2 on the VLA radio map. To do so, we have to take into account errors in the VLA coordinates due to the phase transfer. Therefore we have to increase the error bars when plotting other positions atop the VLA map: we added (in quadrature) to the non-VLA (i.e. the X-ray binary optical and the pulsar) positions an additional error of 0.098 arcsec. Moreover, in the case of the PSR 1820-30A (timing) position, there is a systematic offset due to the transfer from the timing frame to the VLA frame. Based on Fomalont et al. (1992) , we add (in quadrature) an error of 0.005 arcsec in right ascension and 0.02 arcsec in declination to the pulsar position errors. Two other pulsars are identified in NGC 6624: PSR 1820-30B (Biggs et al. 1990; Biggs et al. 1994) , which is too far from the 4U 1820-30 optical position to contaminate our radio detection, and PSR 1820-30C (Chandler 2002) , for which no coordinates are reported. In Fig. 3 we show the VLA radio contour map of 4U 1820-30 at 8.46 GHz. The crosses indicate the Hubble Space Telescope (HST) optical position of the X-ray binary (Sosin & King 1995) and the Parkes radio timing position of the pulsar PSR 1820-30A (Stappers 1997) .
How do we know whether our radio detection comes from the X-ray binary or from the pulsar PSR 1820-30A, since they are positionally concident? Fig. 4 shows the broadband (0.4 − 1.5 GHz) spectrum of the radio source. The dashed-dotted line is the best-fit power law of the data from Biggs et al. (1994) and the dashed line is the best-fit power law of the data from Toscano et al. (1998) ; both of these fits are for the low-frequency (< 2 GHz) radio spectrum and are typical for radio pulsars. The radio spectrum of Toscano et al. (1998 ; the flatter of the two spectra in Fig. 4 ) is very steep, with α ∼ −2.9. The radio flux density at 1.4 GHz is ∼ 0.7 mJy. This spectrum would predict ∼ 4 µJy at 8.5 GHz, thirty times less than we detect (open diamonds in Fig. 4) . The spectrum of the pulsar from Biggs et al. (1994) , with α ∼ 3.7, is even more discrepant. The overall spectrum we observe in Fig. 4 seems to be the superposition of two main spectra, coming from two physically distinct but spatially unresolved sources. We suggest that below ∼ 2 GHz the pulsar dominates the radio emission with a steep spectrum, while the X-ray binary dominates the radio emission above ∼ 2 GHz with a flatter spectrum. Other radio detections above ∼ 1.5 GHz show large variability of the flux: at 4.8 GHz the flux density varies from a non-detection with an rms of 0.020 mJy (Johnston & Kulkarni 1993) to a detection of 0.38±0.035 mJy (Fruchter & Goss 1990) . Previous dual-frequency radio detections at 1.5 GHz and 5 GHz (Fruchter & Goss 1990; Fruchter & Goss 2000 ; solid lines in Fig. 4) show flat spectra consistent with the spectrum we find with our detections at 5 GHz and 8.5 GHz. This further supports the idea that the X-ray binary dominates above ∼ 1.5 GHz and therefore suggests that flux variations in this frequency range are due to 4U 1820-30. The possibility that the flattening in the radio spectrum at high frequency is due to emission from a pulsar wind nebula (PWN) seems unlikely. First of all, the source shows a large radio flux variability (more than one order of magnitute at 1.4 GHz; see Fig. 4 ), unlike PWN. Moreover, either a relatively dense interstellar medium (ISM) and/or a high space velocity are required for the pulsar to power a wind nebula. The former condition makes globular clusters, lacking in dense ISM, an unlikely environment in which to find PWN (no PWN in globular clusters are, in fact, known). In the case of a high space velocity, the pulsar would have already escaped the central region of the cluster by now. The consistency with the Ser X-1 radio detection (e.g. similar radio luminosity at a similar X-ray luminosity and state) further supports our interpretation (see below).
Ser X-1
The CD of Ser X-1 (Fig. 1, bottom) indicates that the source is in the middle banana X-ray state during the radio observations. This is supported by the variability properties, e.g. the presence of a VLFN (rms∼ 3%), which are typi- Table 2 . Positions (with 1σ errors) of the optical and radio counterparts of the X-ray binary 4U 1820-30 and the radio (timing) position of the pulsar PSR 1820-30A. a: To directly compare the positions on the VLA map, as we do in Fig. 3 , we have to add (in quadrature) an error of 0 ′′ .098 to the non-VLA positions, plus an additional error to the pulsar position due to a systematic offset between the timing and the VLA frame (see § 3.1). Figure 4 . Radio flux density vs frequency of the published radio observations of the pulsar PSR 1820-30A and the X-ray binary 4U 1820-30. The dashed line is the best-fit power law of the pulsar observations from Toscano et al. (1998; black dots) and the dashed-dotted line is the best-fit power law of the pulsar observations from Biggs et al. (1994; black squares) . The solid lines are the power law fits of the dual-frequency radio observations at 1. cal for an atoll source in its soft state (e.g. van Straaten et al. 2002) . In both 4U 1820-30 and Ser X-1 we find similar spectral components in the energy spectra, which confirms that the sources are both in a similar (soft) state. We have detected for the first time the radio counterpart of Ser X-1, with a flux density at 8.46 GHz of 0.08 ± 0.02 mJy (see Table 1 ). This detection is consistent with the previous upper limit of < 0.4 mJy at 5 GHz of Grindlay & Seaquist (1986) . Wachter (1997) showed that MM Ser, the optical counterpart of Ser X-1, is actually the superposition of two stars separated by 1 ′′ . Therefore the position of the radio counterpart allows us to identify the correct optical counterpart. In Fig. 5 we show the optical image of the three stars (DN, DSe and DSw) with positions and errors marked with open circles. The optical image is a 400 sec R band exposure obtained with the CTIO 0.9m telescope on 1996 July 11 (for details on the reduction and calibration of the image see Wachter 1997 ). An astrometric solution for the 3 ′ × 3 ′ frame was derived utilizing 40 stars from the USNO-A2.0 catalog and the IRAF task "ccmap". The errors on the optical positions are a combination of the uncertainties due to the USNO A-2.0 system (0 ′′ .3) and to the transfer of that coordinate system onto the Ser X-1 frame (0 ′′ .2). The cross indicates our VLA position (with 1σ errors) of the radio counterpart. We clearly see that the radio position is coincident within uncertainties with DSe. From the spectral identification of Hynes et al. (2003) and our positional identification we can definitely confirm that DSe is MM Ser, the actual optical counterpart of Ser X-1.
Radio:X-ray correlation in X-ray binaries
The simultaneous radio and X-ray detections of 4U 1820-30 and Ser X-1 adds new information to the radio/X-ray relations in X-ray binaries. These two atoll sources are both steadily in the soft (banana) state. The radio emission of BHCs in the low/hard state increases as the X-ray flux increases and then decreases drastically (it is 'quenched') by a factor of > 50, when the source enters a softer (high/soft or intermediate) X-ray state. In 4U 1728-34 in the hard state (mostly island with two excursions to the lower banana) a similar correlation has been observed (Migliari et al. 2003) . One data point (the one with the highest X-ray luminosity) lay off the correlation, possibly (even if, oddly, this observation is still in the island state) indicating a radio 'quenching'. We have now detected the radio counterparts of two NS systems in the soft state (middle-upper banana, with X-ray luminosities higher than those of 4U 1728-34) at radio luminosities close to that found in 4U 1728-34 for its highest X-ray luminosity observation. However, in the case of these NS systems the reduction in radio luminosities between the brightest hard state and the soft state seems to be only of a factor of ∼ 10. This indicates that if there is a radio 'quenching' also in atoll sources, this would be less extreme than in BHCs. Furthermore, if we compare the luminosities we have observed for these NS sources and the upper limits on the radio luminosities of the BHCs in the soft state (quenching), we note that in BHs the radio luminosity is lower than in NSs. In fact, we have detected 4U 1820-30 and Ser X-1 at 8.5 GHz with a radio luminosity of ∼ 5.0 × 10 28 erg s −1
(using a distance of 7 kpc) and ∼ 5.8 × 10 28 erg s −1 (using a distance of 8.4 kpc), respectively. The BHC XTE 1550-564 when 'quenched' has a radio luminosity upper limit of < 1.8 × 10 28 erg s −1 (measured at 8.5 GHz and using a distance to the source of 6 kpc; Corbel et al. 2002) and GX 339-4 of < 2.6 × 10 28 erg s −1 (measured at 5 GHz and using a distance of 6 kpc; Fender et al. 1999) . Therefore, NS X-ray binaries in the soft state (when the jet, at least for BHCs, seems to be suppressed) are more luminous in the radio band than BH X-ray binaries. This is contrary to other X-ray states, in which the BHCs are more radio loud, and seems to indicate that a 'residual' radio emission is present in the NS systems. This difference with BHCs might be related to the presence of a solid surface and/or to the NS magnetic field. Recent theoretical works (e.g. Meier 2001) seems to support the idea that an efficient jet-like outflow production is associated with a geometrically thick accretion disc (i.e. low/hard state in BHCs), while a suppression of the (observable) jet should happen when the disc become geometrically thin (i.e. high/soft state in BHCs). Speculating within this picture, assuming the same jet production processes in NS and BH X-ray binaries (see Fender et al., 2004) a possible explanation might be that the magnetic field of the NS could interact with the accretion disc, which in the softer states should be closer to the compact object, keeping the disc thick enough not to suppress completely the jet production mechanisms.
CONCLUSIONS
We have detected two atoll-type neutron star X-ray binaries, 4U 1820-30 and Ser X-1, at radio wavelengths. In particular:
• We argue that we have detected the radio counterpart of 4U 1820-30, which can be spectrally distinguished from the positionally coincident radio pulsar PSR 1820-30A. The radio emission of the X-ray binary is dominant at higher frequencies, above ∼ 2 GHz and shows a flatter spectrum.
• We have detected for the first time the radio counterpart of Ser X-1; this radio detection allows us to identify star DSe as the optical counterpart of Ser X-1.
• Both 4U 1820-30 and Ser X-1 are detected at radio wavelengths while steadily in the banana (soft) state. This is different from 4U 1728-34 which has been detected at radio wavelengths in the banana state during transient excursions from the island.
• The radio luminosities in the soft state of 4U 1820-30 and Ser X-1 are higher than the radio luminosities in the soft state of BHCs (for which the jet is drastically suppressed). If the pattern of the radio flux vs. X-ray flux of atoll sources is analogous to BHCs, then radio 'quenching' in soft state of atoll sources does not seem to be as extreme as in BHCs.
